Neuroadaptations in the brain reward system caused by excessive alcohol intake, lead to drinking escalation and alcohol use disorder phenotypes. Activity-dependent neuroprotective protein (ADNP) is crucial for brain development, and is implicated in neural plasticity in adulthood. Here, we discovered that alcohol exposure regulates Adnp expression in the mesolimbic system, and that Adnp keeps alcohol drinking in moderation, in a sex-dependent manner. Specifically, Sub-chronic alcohol treatment (2.5 g/kg/day for 7 days) increased Adnp mRNA levels in the dorsal hippocampus in both sexes, and in the nucleus accumbens of female mice, 24 h after the last alcohol injection. Long-term voluntary consumption of excessive alcohol quantities (~10-15 g/kg/ 24 h, 5 weeks) increased Adnp mRNA in the hippocampus of male mice immediately after an alcohol-drinking session, but the level returned to baseline after 24 h of withdrawal. In contrast, excessive alcohol consumption in females led to long-lasting reduction in hippocampal Adnp expression. We further tested the regulatory role of Adnp in alcohol consumption, using the Adnp haploinsufficient mouse model. We found that Adnp haploinsufficient female mice showed higher alcohol consumption and preference, compared to Adnp intact females, whereas no genotype difference was observed in males. Importantly, daily intranasal administration of the ADNP-snippet drug candidate NAP normalized alcohol consumption in Adnp haploinsufficient females. Finally, female Adnp haploinsufficient mice showed a sharp increase in alcohol intake after abstinence, suggesting that Adnp protects against relapse in females. The current data suggest that ADNP is a potential novel biomarker and negative regulator of alcohol-drinking behaviors. 
INTRODUCTION
Alcohol use disorder (AUD) is a major worldwide health problem with concomitant medical, social and economic burdens, however available pharmacotherapy is very limited. It is believed that chronic excessive alcohol consumption may lead to neuroadaptations in the brain reward system, i.e., the mesolimbic dopaminergic system, which projects from the ventral tegmental area (VTA) to the nucleus accumbens (NAc), hippocampus and amygdala [1, 2] . For example, alcohol exposure leads to enhanced signaling in NAc of the phosphoinositide 3-kinase (PI3)-AKT and protein kinase A (PKA) pathways [3] [4] [5] [6] , as well as to alterations in the mesolimbic expression of growth factors [7] [8] [9] [10] (for a review see [11] ). These neuroadaptations, in turn, were postulated to promote AUD phenotypes [1, 2, 12] . Importantly, characteristic hallmark of AUD, such as loss of control over drinking, binge drinking episodes and withdrawal syndrome typically appear only after prolonged excessive alcohol consumption, suggesting that protective mechanisms may initially prevent or delay expression of the neuroadaptations underlying these phenotypes [11] . However, excessive exposure to alcohol may disrupt these protective mechanisms, leading to neuroadaptations and addiction phenotypes [11] .
Activity-dependent neuroprotective protein (ADNP) is crucial for the early development of the brain [13] , critical for axonal transport in adulthood [14] , and has been implicated in dendritic spine formation and synapse plasticity [15] . ADNP also functions as a transcription factor as part of the chromatin remodeling complex SWItch/Sucrose Non-Fermentable (SWI/SNF). As such, ADNP is crucial for the regulation of transcription of >400 genes during development [16] [17] [18] and in the adult brain in a sex-dependent manner [14, 19] . ADNP abnormalities have been implicated in several neurodegenerative and neuropsychiatric diseases, including Alzheimer's disease [20] , schizophrenia [21, 22] , and autism [23, 24] . Partial deficiency in mouse Adnp results in altered gene regulation, axonal transport deficits, cognitive and social deficits and culminates in age-related neuronal demise [14, 19, 25] .
Studies on fetal alcohol syndrome showed that alcohol consumption by pregnant mice causes an increase in Adnp expression in the embryonic brain even 10 days after alcohol administration, implicating ADNP expression as a protector of the forming brain from alcohol damage [26] . Furthermore, impaired ADNP synthesis and release was observed in astroglial cell cultures from prenatal alcohol-exposed rat foetuses [27] and transcriptome organization analysis linked ADNP to chronic alcohol abuse in the human brain [28] .
To elucidate the role of ADNP expression and activity in alcohol-drinking behaviors in the adult brain, we determined whether alcohol exposure affects Adnp expression in the mesolimbic system, and utilized the Adnp-deficient mouse model to investigate the regulatory role of ADNP in alcohol consumption and relapse.
MATERIALS AND METHODS
See Supplemental Information for details on reagents, standard qRT-PCR and alcohol administration.
Animals
All protocols conformed the guidelines of the Institutional Animal Care and Use Committee of Tel Aviv University and the Israeli Ministry of Health, as well as the guidelines of the NIH (animal welfare assurance number A5010-01). All efforts were made to minimize the number of animals used. All animals were housed in Tel-Aviv University Animal Facility (12-h light-dark cycle-lights on at 4 a.m., food and water ad libitium). C57BL/6J mice (25-30 g) were housed 3-4/cage; Adnp +/+ and littermates, Adnp +/− mice (outbred with ICR strain for 30 generations in Tel-Aviv University Animal Facility; 25-30 g) [13, 14, 19, 25] were individually housed. Bedding was standard sterilized dust-saw, and rodent chow used were Teklad Global 18% protein (Envigo, Israel).
Tissue collection Mice were euthanized, and brains were quickly removed and placed on an ice-cold platform. Tissues from the NAc, dorsal hippocampus and VTA were carefully dissected from 1-mm slices using a brain matrix and immediately snap-frozen in liquid nitrogen and stored at −80°C until use for further analysis for qRT-PCR, as previously described [7, 29] .
Alcohol/saccharin/quinine-consumption procedures Two-bottle choice training began after 1 week of habituation for individual housing. The position (left or right) of each solution was alternated as a control for side preference. Consumption levels were normalized to body weight.
Continuous access to escalating concentrations of alcohol, saccharin or quinine in two-bottle choice. Mice had access to one bottle containing tap water, while the other contained an increasing concentration of alcohol (3%, 6%, 10%, and 20%, v/v) [30] , saccharin (0.003%, 0.01%, 0.03% w/v) [7] , or quinine (0.03, 0.06 mM) [30, 31] , with 7 days of access for each concentration. Fresh fluids were provided each time the concentration was changed.
Intermittent access to 20% alcohol in two-bottle choice (IA2BC). Mice were trained to consume alcohol in the IA2BC procedure as previously described [4, 32, 33] . Briefly, mice received three 24-h sessions of free access to two-bottle choice per week (water and 20% alcohol v/v) on Sundays, Tuesdays, and Thursdays, with 24 or 48 h of alcohol-deprivation periods in between the alcohol-drinking sessions. During the withdrawal periods, animals received only water. In the Adnp expression experiment, control mice received access to two water bottles. Water and alcohol bottles were weighed before and after each alcohol-drinking session. In the IA2BC experiment with Adnp +/− mice, after 15 alcohol-access sessions, mice underwent a 12-day alcohol-deprivation period, after which they received three additional intermittent access to alcohol sessions.
Continuous access to 10% alcohol in two-bottle choice and administration of NAP (NAPVSIPQ). Mice had access to one bottle containing tap water, and one bottle containing 10% alcohol (v/v) [34, 35] for 4 weeks. Water and alcohol bottles were weighed every 24 h to measure fluid intake. Mice were habituated for the intranasal administration procedure for a week prior to NAP or vehicle administration (week 1, "no treatment week"). Intranasal administration was performed by gently restraining the mice, and placing a pipet tip near their nostrils. NAP was dissolved in a solution, in which each milliliter included 7.5 mg of NaCl, 1.7 mg of citric acid monohydrate, 3 mg of disodium phosphate dihydrate, and 0.2 mg of benzalkonium chloride solution (50%), as previously described [36] . The half-life of NAP in the plasma after inranasal administration is~70 min in rats [37] . Vehicle was administered intranasally on week 2. NAP (0.5 µg/ 5 µl), the ADNPderived neuroprotective peptide (drug candidate) [38, 39] , was administered intranasally [40] on weeks 3 and 4, once a day, 5 days/week (Sunday-Thursday), at 11:00 am.
Comparative analysis of expression data from Adnp +/− mice and alcohol-treated mice Hippocampal RNA-seq expression data (count matrix) of Adnp +/+ / Adnp +/− , 1/5-month old, male and female mice [14] [Gene Expression Omnibus (GEO) database (accession number: GSE72664)] was utilized. Data processing was performed separately for each sex and age group (i.e., 1-month old females, 5-month old males), using the statistical computing environment R (http://www.r-project.org/). Genes that failed to produce 20 reads or more in at least two samples were omitted. Quantile normalization was performed on the remaining genes. For each gene, mean values were calculated for each genotype, and were subjected to a second round of quantile normalization. down" signatures were defined for each combination of sex + age (Supplemental Table S1 ). Affymetrix array data of hippocampal gene expression in male mice that were chronically exposed to alcohol [41] was obtained from GEO database (accession number: GSE72517). The analyzed data consisted of samples from adult male mice that underwent chronic intermittent exposure to vaporized alcohol in inhalation chambers and control mice that received plain air in the chambers, with tissues harvesting 0 h after the completion of the treatment. The data was processed within R programming environment. Quantile normalization was applied on all probes and the value of the 25th percentile was set as floor value (higher percentile level was applied here because expression array data is nosier than RNAseq for minimally expressed genes). After calculating the FC values of the chronic alcohol exposure treatment in relation to the control, "chronic alcohol up-signature" and "chronic alcohol down-signature" were defined as described above.
The significance of the overlap between the Adnp +/− signatures (up, down and up and down combined) and the chronic alcohol signatures were tested using Fisher's exact test. Association between the direction of the "response" (up/down) to alcohol and Adnp haploinsufficiency was tested using Pearson's chi square test.
Identification of enriched gene ontology (GO) biological process categories in each group of overlapping genes was performed using the TANGO tool from EXPANDER [42] . Categories with p < 0.05 after correcting for multiple testing, were considered significant.
Statistical analysis
Adnp expression was normalized to Gapdh expression [7, 8, 29] . Importantly, we recently showed that Gapdh levels are not affected in mice under the alcohol drinking protocols used here [7] . Expression in each brain region was further normalized to the control group (saline-treated or water-treated group), for each sex separately. Expression data were analyzed by one-way ANOVA as indicated. Alcohol and saccharin consumption and preference data were analyzed by a mixed-model ANOVA with betweensubjects factors of sex (male, female) and genotype (Adnp +/+ , Adnp +/− ) and a repeated-measures factor of sessions. LSD post hoc analysis followed significant effects.
RESULTS
Short exposure to alcohol increases Adnp mRNA expression in the NAc and dorsal hippocampus First, we tested whether a short-term, controlled exposure to alcohol would affect Adnp expression in the mesolimbic brain regions, NAc, VTA, and dorsal hippocampus. C57BL/6J mice were injected with alcohol (2.5 g/kg in a 20% alcohol v/v solution, i.p.) or saline once daily for 7 days, and were sacrificed 2 or 24 h after the last alcohol injection. As shown in Fig. 1 , we found that this sub-chronic alcohol treatment increased Adnp mRNA levels in the dorsal hippocampus 24 h, but not 2 h after the last alcohol injection, in both male and female mice (one-way ANOVA; males: F (2,10) = 5.94, p < 0.05; post-hoc, p < 0.02. Females: F (2,10) = 5.22, p < 0.05, post hoc, p < 0.05). In addition, Adnp expression was increased at the 24 h time point in the NAc of female, but not male mouse (one-way ANOVA; females: F (2,9) = 10.87, p < 0.005; post hoc: p < 0.005; males: p > 0.05). We found no changes in the expression of Adnp in the VTA (p's > 0.05).
Thus, short alcohol exposure increased Adnp expression in the mouse NAc and dorsal hippocampus in a sex-dependent manner.
Long-term voluntary consumption of excessive alcohol levels leads to reduced Adnp expression selectively in female mice Next, we determined the effects of long-term voluntary alcohol consumption on the expression of Adnp. C57BL/6J Mice were trained to consume alcohol in the intermittent access to 20% alcohol in two-bottle choice procedure [4, 33] for 5 weeks (Fig. 2a) . In this drinking protocol, mice consume high quantities of alcohol, typically with an average alcohol intake of 10-15 g/kg/24 h, which generates blood alcohol concentration (BAC) of >100 mg%, and alcohol preference of~50% [34, 43] . The NAc, VTA, and dorsal hippocampus of mice were collected at the end of a 24-h alcohol drinking session (mean alcohol consumption: males,~10 ± 1.5 g/ kg/24 h, alcohol preference~50 ± 3.5%; females~13 ± 3.5 g/kg/24 h, alcohol preference~44 ± 6%), or after a 24-h alcohol withdrawal period. Control mice consumed only water.
We found that among male mice, Adnp mRNA levels were increased in the dorsal hippocampus after a 24 h alcohol drinking session, but the level returned to baseline (water-drinking controls) after 24 h of withdrawal ( Fig. 2b ; one-way ANOVA: F (2,13) = 5.32, p < 0.05, post hoc comparisons, p's < 0.05). However, in female mice, the expression of Adnp was reduced after a 24-h alcohol-drinking session, and this reduction persisted after a 24-h withdrawal ( Fig. 2c ; one-way ANOVA: F (2,13) = 7.53, p < 0.01, post hoc comparisons, p's < 0.05). No changes in Adnp levels were detected in the VTA or NAc (p's > 0.05). As the male and female experiments were performed separately (Figs. 1 and 2), we also conducted a direct comparison of Adnp expression in the dorsal hippocampus and found similar expression in the naïve male and female mice (Supplemental Fig. S1 ).
Together, these results indicate that long-term excessive consumption of alcohol leads to differential alterations in hippocampal Adnp expression: a transient increase in males, and a sustained decrease in females.
Haploinsufficiency of Adnp leads to increased alcohol, but not saccharin or quinine intake, selectively in female mice As we found that the Adnp gene responds to alcohol in a sexdependent manner, we further tested whether the protein plays a role in the development and/maintenance of alcohol consumption. To this end, we used Adnp haploinsufficient mice (Adnp +/− [14, 19, 25] ), as ADNP is crucial for brain formation and knockout mice die during embryonic development [13] . Originally, a reduction of 42% in the cortex, of 38% in cerebellum, and of 50% in hippocampus was observed in the levels of Adnp mRNA in Adnp +/− mice compared with Adnp intact mice [25] . To elucidate the effects of Adnp haploinsufficiency on alcohol drinking, we compared voluntary alcohol consumption between the Adnp +/− and Adnp +/+ mice in a two-bottle choice paradigm (alcohol vs. water). Thus, mice had continuous access to a bottle of water and a bottle containing escalating concentrations of alcohol (3%, 6%, 10%, 20%) [30] . Alcohol concentration was increased every week. Figure 3 presents the average daily consumption and preference levels for each of these alcohol concentrations, among male and female Adnp +/− and Adnp +/+ littermates. We found that female mice showed considerably higher alcohol consumption and preference compared to males, regardless of genotype or alcohol concentrations. Importantly, Adnp +/− females showed higher alcohol consumption and preference, compared to female Adnp +/+ controls, whereas no difference was observed in males. No interaction effects were found in water or total fluid consumption. Significant post hoc comparisons between genotypes are marked by asterisks in Fig. 3 . Together, our results indicate that reduced Adnp gene dosage leads to increased alcohol intake in female mice.
Next, we tested whether the effect of Adnp haploinsufficiency is specific for alcohol. Therefore, we tested consumption of a sweet, non-drug reward, saccharin (0.005%, 0.01%, and 0.03%), and of a bitter, aversive substance, quinine (0.03, 0.06 nM), in a continuous access two-bottle choice protocol similar to the one used for alcohol intake. As we found that the effect on alcohol drinking was not observed in males, we included only females in the follow-up saccharin and quinine experiments. As shown in Fig. 3e , f, we found no difference between genotypes in saccharin or quinine intake, suggesting that the effect of Adnp deficiency is specific to alcohol, and does not apply to sweet reinforcers or bitter-taste solutions. Two-way mixed model ANOVA revealed a significant main effect of saccharin concentration (F (2, 34) = 87.93, p < 0.0001), and of quinine concentration (F (1,12) = 5.73, p < 0.05), but no effects of genotype and no interaction effects (p's > 0.05).
Together, our results indicate that reduced Adnp expression in female mice leads to increased consumption of alcohol, but not of a sweet, non-drug reinforcer, or of a bitter solution.
NAP reduces excessive alcohol intake in female Adnp haploinsufficient mice and rescues the wild type phenotype As female Adnp +/− mice showed higher levels of alcohol intake compared to Adnp +/+ controls in the continuous access drinking paradigm, we next set out to rescue the wild type phenotype by restoring the Adnp function in these animals. Thus, we tested whether the effect of Adnp haploinsufficiency on alcohol intake could be reversed by intranasal administration of NAP (NAPV-SIPQ), a neuroprotective peptide derived from Adnp [39, 44] . NAP has been shown to ameliorate Adnp deficiencies in the haploinsufficient mouse model [25] , mechanistically by enhancing ADNP association with its microtubule and autophagy targets [15, 22, 40, [44] [45] [46] . As we did not find an effect of Adnp genotype in male mice, we included only females in this experiment.
Adnp +/− and Adnp +/+ mice were given continuous access to two bottles: a bottle of water and a bottle of 10% alcohol, for 4 weeks. After one week of drinking without treatment, all mice received vehicle treatment for one week, followed by intranasal NAP (0.5 µg/ 5 µl) treatment for 2 weeks (Fig. 4a) . As Fig. 4b depicts, over the first 2 weeks of drinking (no treatment or intranasal vehicle treatment) Adnp +/− females showed higher alcohol consumption as compared to their Adnp +/+ littermates, replicating our results above. Strikingly, NAP treatment reduced alcohol consumption in Adnp+/− mice, which did not differ from Adnp +/+ controls. We found no effect of NAP on alcohol intake in the Adnp +/+ females. Two-way mixed model ANOVA revealed a significant main effect of treatment (F(3,81) = 6.05, p < 0.001), as well as a significant treatment × genotype interaction (F(3,81) = 8.66, p < 0.0001). Post hoc analysis: significant differences between genotypes during the no treatment (p < 0.05) and vehicle (p < 0.01) periods, and significant differences in Adnp +/− mice between NAP treatment and no treatment or vehicle treatment (p's < 0.001).
These results indicate that restoration of ADNP function by NAP administration rescues the wild type phenotype of the Adnp +/− mice, by reversing the abnormal increase in alcohol intake seen in Adnp haploinsufficient female mice. Haploinsufficiency of the Adnp gene leads to increased alcohol intake after a period of abstinence in female mice As we found that Adnp haploinsufficiency led to increased alcohol intake in the escalating alcohol concentration drinking protocol, we next tested whether these mice will show increased transition to excessive alcohol intake, in another model of drinking escalation, namely, the intermittent access to 20% alcohol in two-bottle choice. In this model, alcohol concentration is kept constant throughout training, however, training consists of repeated cycles of alcohol drinking and withdrawal, which typically lead to excessive alcohol drinking [33, 34] . Given that the genetic background of the Adnp +/− mice [14, 19] was mixed with ICR strain, which consumes low levels of alcohol [47, 48] , we expected alcohol intake to be moderate.
Mice received concomitant access to a bottle of water and a bottle of 20% alcohol for 24 h sessions three days a week (Sunday, Tuesday, Thursday), with 24-h or 48-h sessions of alcohol withdrawal and only water access. We found that, mice increased their alcohol intake and preference as a factor of training sessions, and that female mice consumed more alcohol compared to males and showed sharper escalation in alcohol intake. However, we found no difference between genotypes (Fig. 5a ). A mixed model three-way ANOVA for both consumption and preference yielded main effects of sex (F (1,23) = 13.53, p < 0.002) and sessions (F (14,322) = 7.60, p < 0.0001) and a sex × sessions interaction (F (14,322) = 2.56, p < 0.002).
As we did not find a genotype effect on drinking of 20% alcohol in this drinking protocol, we next tested whether relapse to alcohol drinking after a period of abstinence would be affected by Adnp deficiency. Thus, mice were deprived from alcohol for 12 days (water was given ad libitum), followed by tests for relapse to alcohol consumption for 3 days.
Figure 5b depicts the alcohol intake before and after the abstinence period. We found that while there was no difference between pre-abstinence and post-abstinence alcohol intake among Adnp +/+ female mice, female Adnp +/− mice relapsed to higher alcohol consumption after abstinence, compared to their pre-abstinence consumption. No difference was found among males.
A mixed model three-way ANOVA yielded a main effect of sex (F (1,33) = 29.47, p < 0.0001), as well as significant interactions of sex × genotype (F (1,33) = 4.35, p < 0.05), abstinence × genotype (F (1,33) = 7.29, p < 0.02), and sex × genotype × abstinence (F (1,33) = 6.01, p < 0.02). Post hoc analysis: a significant difference between pre-abstinence and post-abstinence alcohol intake in female Adnp +/− mice (p < 0.001), but not in any of the other conditions (p > 0.05).
These results indicate that Adnp haploinsufficient female mice show increased alcohol relapse after prolonged consumption of high levels of alcohol. Adnp haploinsufficiency regulates hippocampal alcohol-associated genes in a sex-dependent manner We observed sex-dependent alteration in Adnp expression in response to alcohol exposure, as well as sex-dependent effect of Adnp haploinsufficiency on alcohol consumption. To further elucidate the sex-dependency of the Adnp-alcohol interactions, we applied a comparative analysis of hippocampal expression data (RNA-seq) from naïve male/female, 1-month and 5-month old Adnp +/+ or Adnp +/− mice [14] , with microarray results obtained in male mice, subjected to chronic alcohol exposure [41] .
An "Adnp +/− up signature" and "Adnp +/− down signature", containing the top 250 up/down regulated genes for each sex, were compared with the up/down signature from the chronicalcohol exposure mouse expression data. First, for each sex separately, we examined the overlap between the 500 genes comprising the Adnp +/− signatures and the 500 genes comprising the alcohol ones. Notably, for both sexes, the overlap was highly statistically significant (Supplemental Table S2 ). Next, we tested if there is an association between the direction (up/down) of the "response" to Adnp haploinsufficiency and alcohol exposure. While no interaction was found between the expression profiles of the 5-month-old male/female Adnp +/− mice and the alcohol exposed mice, we observed significant associations for the 1-month-old mice. Interestingly, while the Adnp +/− male mice and chronic alcohol-exposure signatures showed significant positive association ( Fig. 6a; Pearson's chi square: χ 2 (1) = 12.13, p < 0.001), the expression profile of the 1-month-old Adnp +/− female mice was negatively associated with the chronic alcohol-exposure signature (Fig. 6) . Thus in 1-month-old females, greater overlap was found between the incongruent signatures in comparison to the congruent signatures ( Fig. 5b; χ   2 (1) = 7.49, p < 0.01). Moreover, while the chronic-alcohol exposure down signature had an overlap of 21 genes with the male Adnp +/− down signature, and 23 genes with the females Adnp +/− up signature, the intersection of these three signatures combined, provided 16 common genes (see genes marked in bold in Supplemental Table S3 ). For example, one of these common genes was transcription factor AP2 beta (TFAP2b), which is downregulated by chronic alcohol exposure [41] . This gene had a 3.8-fold increased expression in female Adnp +/− mice, and in contrast, a five-fold decreased expression in male Adnp +/− mice, as compared to sex-matched Adnp +/+ controls. GO enrichment analysis applied on each set of overlapping genes identified the functional category of "sequence-specific Adnp haploinsufficiency increases relapse to alcohol drinking after a period of abstinence in female mice. Adnp +/− or Adnp +/+ mice received access to 20% alcohol 3 days a week for 5 weeks in the intermittent access to 20% alcohol in two-bottle choice (IA2BC) procedure. Mice were then subjected to 12 days of alcohol abstinence in the home cage. Post-abstinence alcohol intake was measured for three sessions (intermittent days) after the deprivation period. a Amount of alcohol (g/kg) consumed during the IA2BC training. b Average alcohol intake in the three sessions before and after the abstinence period. n = 8-10 per group. *p < 0.05 DNA binding transcription factor activity" as enriched, in the gene set emerging from the comparison between the chronic-alcohol down signature and the male Adnp +/− down signature, as well as from the comparison between the same chronic-alcohol signature with the female Adnp +/− up signature.
DISCUSSION
We introduce here Adnp as a novel regulator of alcohol consumption in female mice. We show that while short-term alcohol administration increases Adnp expression in mesolimbic brain regions, prolonged voluntary consumption of excessive alcohol levels leads to sex-dependent alterations in the hippocampal expression of the gene transcript. We further show that reduced levels of the Adnp transcript lead to increased alcohol intake and preference selectively in female mice, which are reversed by the ADNP-derived neuroprotective peptide NAP. Together, our results suggest that ADNP plays a protective role against alcohol-drinking behavior.
Adnp is an alcohol-responsive gene We focused on the mesolimbic system, which projects from the VTA of the midbrain to the NAc, hippocampus, and other limbic regions. The mesolimbic system has been implicated in processing of reward, including alcohol reward, and in addiction [11, 49] .
Within the hippocampus, we focused on the dorsal part, which shows high Adnp expression in mice [50] . We found that Adnp mRNA expression was increased in the dorsal hippocampus of male and female mice, and in the NAc of females, following a repeated alcohol injection regimen (7 days), 24 h after the last injection. In contrast, prolonged, voluntary consumption of alcohol for 5 weeks resulted in a sustained decrease in Adnp expression in the dorsal hippocampus of female mice, and a transient increase in this mRNA in the dorsal hippocampus of male mice. Importantly, we have previously shown that the levels of Adnp mRNA correlate with, and reflect the ADNP protein levels [51, 52] . It is important to note, that the experiments on alcohol-mediated regulation of Adnp were done on a C57BL/6J mice, which drink high levels of alcohol. However, due to their low-drinking levels, we did not test whether alcohol regulates Adnp expression on the mixed background of the Adnp haploinsufficient mouse model. Previous studies measured Adnp transcript expression in mouse embryos (C57Bl/6J) exposed to an ethanol bolus on day 8 of gestation, and found an increase in the Adnp transcripts 24 h after alcohol exposure, which persisted for 10 days [26] . Moreover, pups of dams that consumed alcohol during pregnancy were shown to have reduced Adnp mRNA levels compared to controls in the cerebral cortex at post-natal day 7 [27] . Together, these results emphasize the temporal control of Adnp expression, also within the context that ADNP acting as a transcription factor downregulates its own expression [17, 53] . Here, we show that alcohol consumption leads to altered Adnp expression in the mesolimbic system of the adult mouse, further discovering alcohol-related sex-specific changes.
Reduced Adnp gene dosage lead to increased alcohol consumption in female mice, which is reversed by NAP We found that female Adnp +/− mice displayed higher levels of alcohol consumption and preference, compared to Adnp +/+ mice. We used a drinking protocol of escalating alcohol concentrations, which generates a dose-response curve of alcohol intake as a function of its concentration. We found that female Adnp haploinsufficient mice showed increased alcohol intake in all concentrations tested, providing an upward shift of the dose-response curve, compared to control Adnp +/+ females. This shift is considered to reflect an effect on the motivation to selfadminister alcohol [54] [55] [56] , suggesting that reduced ADNP levels increases the motivation to consume alcohol. In fact, Adnp +/− females showed a sharp increase in alcohol intake along with the increase in alcohol concentration, whereas Adnp +/+ mice showed only a moderate increase. Thus, ADNP seems to reduce the motivation to consume alcohol. Finally, we found that the consumption of a non-drug reinforcer, saccharin, or of a bitter taste (quinine solution) was not affected by Adnp haploinsufficiency in female mice, suggesting that the effect of Adnp was unique to alcohol reinforcement.
Critically, we found that daily treatment with NAP, prevented the increased alcohol intake in Adnp haploinsufficient female mice. NAP is an ADNP-derived peptide that was previously shown to protect against ADNP deficiency [25, 57] . Thus, we expected that NAP administration to Adnp +/− females would compensate for the reduced ADNP levels, and presumably normalize the phenotype. Indeed, in the 2 weeks of NAP treatment, we observed a complete reversal of the enhanced alcohol intake in Adnp +/− , confirming that reduced ADNP levels mediated the increased alcohol intake phenotype in the Adnp haploinsufficient female mice.
Interestingly, NAP has been previously shown to protect against alcohol toxicity in the fetal alcohol syndrome, associated with changes in ADNP expression [26, 58] . Mechanistically, alcohol inhibits neuronal differentiation/plasticity by disrupting ADNP signaling, which in turn is protected by NAP treatment [59] . Here, we observed reduction of Adnp expression by excessive alcohol consumption in the female mouse hippocampus, and in a separate experiment we found that Adnp +/− females show increased alcohol intake, reversed by NAP. It would be interesting to investigate in the future, whether the developmental alcohol-ADNP-NAP interactions share similar mechanisms to their interactions in adulthood.
The sex-dependent effects we found, i.e., the observation that increased alcohol intake and preference in Adnp +/− mice emerged only among females, indicate that the function of ADNP as regulator of alcohol drinking, may be differentially manifested in females and males. Indeed, Gozes and colleagues have found sex differences in ADNP expression in whole hippocampal sample from 5-month to 6-month old Adnp +/+ mice, as well as in human hippocampal samples [19] , which are extended to multiple differential gene regulation [14, 60] (also see Fig. 6 and Supplemental Table S3 ). Furthermore, ADNP was shown to be regulated during the estrus cycle in the arcuate nucleus of the mouse [51] .
Interestingly, alcohol induces ligand-independent activation of the estrogen receptor alpha [61] . Estrogen regulates multiple genes, including the sexually dichotomous ADNP regulator, vasoactive intestinal peptide (VIP) [39, 51, 62, 63] . The VIP gene has a cAMP/CREB responsive element [64] , and in turn, increases cAMP production in the target cells [65] , bringing another connection to the CREB regulatory protein and alcohol consumption [11] .
In order to better understand the sex-dependent regulatory mechanisms underlying ADNP-associated alcohol consumption, we used bioinformatics analyses with published hippocampal databases [14, 41] . Our analysis revealed that a substantial portion of the genes that demonstrate altered expression as a result of chronic alcohol exposure, behave in an opposite manner in 1-month-old male and female mice with Adnp haploinsufficiency, in line with our sex-dependent results. No correlations of the Adnp +/− signature with alcohol exposure were obtained while measuring hippocampal gene expression at 5 months, in contrast to one month of age, suggesting a strong developmental impact. Indeed, GO functional categories, such as "Forebrain development" and "System development" were enriched in the common genes set of the female Adnp +/− up-signature and the alcohol exposure down-signature (Fig. 6b) . This association indicates that alcohol exposure and Adnp haploinsufficiency may lead to opposite changes in the expression of genes that play a functional Activity-dependent neuroprotective protein (ADNP) is an. . . Y Ziv et al. role in forebrain and system development, which may be related to the tendency of Adnp +/− females to consume more alcohol. It is important to note, that alcohol reduced Adnp expression in adult female C57BL/6 mice, whereas we did not test its effects in 1-month old pups. Thus, taken together with our findings in wildtype C57BL/6 mice, the age-dependent findings raise the possibility that the ADNP-dependent regulatory mechanisms may be different, depending on whether Adnp expression is decreased from birth (as in the Adnp haploinsufficiency model), or whether its expression is decreased after alcohol exposure during adulthood.
As indicated in the results (Supplemental Table S3 ), using published RNA-seq data [14] , we calculated here that the transcription factor Tfap2b had a 3.8-fold increased expression in female Adnp +/− , and in vast contrast, a five-fold decreased expression in Adnp +/− male compared to Adnp +/+ controls. Critically, TFAP2b polymorphism has been implicated in alcoholism in women, whereby the high-functioning allele of the gene was more common among female alcoholic patients, compared to the non-alcoholic controls [66] . This finding resembles the increased alcohol consumption we observed in Adnp +/− females, that have increased Tfap2b expression.
Our finding that male mice consumed significantly lower levels of alcohol compared to females is in line with numerous previous studies (e.g., [67] [68] [69] [70] ). The genetic background of the mice we used (outbreeding of the Adnp transgenic line with the ICR strain) [14, 19] , led to a relatively low baseline alcohol consumption and preference in both sexes, allowing the demonstration of increases in these alcohol-drinking measures. This very low baseline levels of alcohol consumed by both Adnp +/+ and Adnp +/− male mice, due to their genetic background, may have masked possible effects of low ADNP levels on alcohol consumption in males, limiting our conclusions to female mice. However, the absence of genotype effect in males was not likely related to low baseline alcohol consumption, as Adnp haploinsufficiency increased, rather than decreased consumption.
We show in a model of moderate continuous drinking (Fig. 3 ) that Adnp haploinsufficiency leads to increased alcohol intake in females. However, in a model of heavy intermittent drinking (IA2BC, consisting of cycles of 24-h alcohol drinking and deprivation sessions), Adnp +/+ control females increased drinking, to a level similar to that of Adnp +/− female mice, resulting in the absence of a genotype effect. Here, a longer alcohol-deprivation period (12 days) was required for the genotype effect to emerge (Fig. 5) . Interestingly, unlike Adnp +/+ controls, Adnp +/− female mice consumed similar alcohol quantities in both the alcohol (20%)-drinking protocols we used here: the continuous-alcohol access (Fig. 3) , which typically leads to lower alcohol-drinking levels [34] ; and the IA2BC (Fig. 5) , which typically leads to higher drinking levels [34] . This finding further suggests that Adnp haploinsufficient females mice tend to develop increased drinking phenotype, even in conditions that do not yield heavy drinking in normal controls. Together with the finding that increased alcohol drinking in Adnp haploinsufficient females was reversed by NAP (Fig. 4) , these results emphasize the relations between alcohol consumption and the Adnp genotype, as further illustrated in Fig. 6 .
Abstinence periods can generate in rodents an "alcohol deprivation effect" [71, 72] , i.e., consumption of considerably higher amounts of alcohol after a period of abstinence. However, this effect is usually seen in rodents drinking high amount of alcohol for several months [72] , although it may appear sooner in some mouse strains (e.g., [71] ). In our experiment, baseline alcohol consumption was relatively low, and mice were submitted to abstinence after only 5 weeks of drinking. We did not observe an increase in alcohol consumption in Adnp +/+ controls, similar to previous reports with other mouse strains under limited-access to alcohol conditions [31] . However, we did observe the effect in the Adnp +/− females, suggesting that normal Adnp expression and function gates the alcohol deprivation effect, at least in females. Thus, this finding indicates that Adnp haploinsufficiency leads to increased relapse to alcohol drinking after abstinence, suggesting that Adnp regulates relapse behavior in females
In conclusion, our findings suggest that at the initial exposure to alcohol, the mesolimbic expression of Adnp is increased, possibly to protect against the harmful effects of alcohol. However, this protective mechanism selectively breaks in females (that consume more alcohol in rodents compared to males), and Adnp expression is downregulated in the dorsal hippocampus, leading to escalation of alcohol drinking and sharp relapse after abstinence. Administration of the ADNP-derived peptide NAP reversed the effects of Adnp haploinsufficiency on alcohol consumption, presumably by compensating for deficient ADNP levels. Thus, it is possible that ADNP is a biomarker for alcohol-drinking behaviors, and that restoration of the function of ADNP in females may prevent drinking escalations, hence providing a novel therapeutic target to explore.
